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Ultra-high  Thermal  Conductivity  of  Spider  Silk:  Protein  Function  Study  with  Controlled 

Structure  Change  and  Comparison 

Xinwei  Wang/PI,  Iowa  State  University 
Cheryl  Hayashi/co-PI,  University  of  California-Riverside 

1.  Statement  of  the  Problems  Studied 

In  this  project,  we  intend  to  address  problems  including:  what  are  the  mechanisms  that  enable 
protein  structures  to  sustain  fast  phonon  transport,  what  are  the  physics  behind  the  structural 
change  under  stretching  that  makes  the  thennal  conductivity  to  increase,  and  what  are  the  protein 
structures  in  spider  silk  that  favor  the  highest  thennal  transport.  To  answer  these  fundamental 
questions  and  lay  the  foundation  for  developing  applications  using  the  unique  thermal  transport 
properties  of  spider  silks,  the  objectives  of  this  proposal  are  develop  a  novel  technology  to 
characterize  the  thennal  conductivity  in  the  radial  (cross-plane)  direction  of  spider  silks,  unravel 
the  mechanisms  of  ultra-high  thermal  conductivity  sustained  by  the  unique  protein  structure  in 
spider  silk,  and  discover  the  physics  of  thermal  conductivity  increase/tunability  under  controlled 
structure  change. 

2.  Overall  Scientific  Accomplishments 

In  the  past  three  years,  we  have  conducted  extensive  research  to  study  the  structure  of  spider 
silks  and  investigate  how  the  structure  affects  the  silk’s  thermal  transport.  The  comparison  of 
thennal  conductivity  (k)  and  structural  information  between  the  naturally  spun  and  manually 
spun  spider  silks  demonstrates  that  the  alignment  of  the  antiparallel  /2-sheet  crystals  in  spider 
silks  plays  one  of  the  most  important  roles  in  improving  thermal  transport.  Various  structural 
manipulations  have  been  introduced  by  casting  the  silk  protein  into  different  shapes,  varying  the 
speed  of  manual  silk  spinning,  using  different  silks  from  the  same  spider  and  silks  from  different 
types  of  spiders.  The  thin  width  of  silks  has  been  proved  to  significantly  improve  k.  The  silks 
from  the  spiders  in  unhealthy  conditions  also  showed  a  higher  k.  Rough  structures  would 
enhance  phonon  scattering  and  thus  lower  k.  A  small  range  of  the  variation  of  the  spinning  rate 
in  producing  spider  silks  would  not  obviously  increase  k,  when  no  significant  shape  change  is 
induced.  The  organic  solvent  in  silver  paste  involved  in  our  experiment  has  little  effect  in 
decreasing  k.  On  the  other  hand,  to  go  deeper  into  the  nanoscale  nature  of  the  structure  of  spider 
silks,  X-ray  diffraction  (XRD)  has  been  employed  to  study  the  crystallite  size  of  spider  silks. 
Also  a  lab-developed  thermal  reffusivity  theory  has  been  employed  to  study  thermal  properties 
of  spider  silks  at  low  temperatures  down  to  10  K.  The  crystallite  size  obtained  through  XRD  and 
mean  free  path  of  the  defect-induced  phonon  scattering  are  nicely  consistent  with  each  other. 

3.  Detailed  Achievements 

(1).  Raman  spectrum  of  spider  silk  (naturally  spun) 

Previous  polarized  Raman  study  of  Nephila  clavipes  ( Nc )  silks  showed  that  the  1230  cm'1  peak 
(Amide  III  in  /2-sheet  crystal)  and  1390  cm'1  (poly-Ala  in  /2-sheet  crystal)  peak  are  tightly  related 
to  the  /2-sheet  crystals  along  the  axial  direction  of  the  silk  fiber  [1,2].  It  can  interpret  the  observed 
sound  thermal  conductivity  in  Huang’s  work.  In  that  work,  the  Raman  spectrum  of  the  naturally 
collected  Nc  fiber  showed  two  very  strong  peaks  at  both  1230  cm'1  and  1390  cm'1  (similar 
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intensity)  though  the  excitation  laser  was  circularly  polarized  (Fig.  1).  These  two  peaks 
substantiated  the  highly  ordered  alignment  of  /?-sheet  crystals  in  Fluang’s  sample.  For 
comparison,  the  spectrum  of  the  manually  spun  silk  with  a  low  thermal  conductivity  is  also 
plotted  in  Fig.  1.  It  too  exhibited  two  strong  peaks  at  1230  cm'1  and  1390  cm'1.  But  the  intensity 
of  1390  cm'1  peak  was  only  one  half  of  the  intensity  of  1230  cm'1  peak.  This  suggests  that 
though  the  manually  spun  silk  has  a  large  amount  of  /?-sheet  crystals,  the  alignment  along  the 
axial  direction  is  not  as  good  as  the  natural  silk  and  thus  lowered  the  thermal  conductivity. 

Figure  1.  Raman  spectra 
for  naturally  collected 
silk  and  manually  spun 
silk  of  Nephila  clavipes. 

Intensity  is  not  available 
for  direct  comparison 
between  the  two  spectra 
due  to  the  different 
integration  time  in 
Raman  experiment. 
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(2).  Structure  and  thennal  transport  comparison  study  of  spider  silk  fibers  and  films 
This  portion  of  the  research  focused  on  the  relationship  between  thermal  transport  capacity  and 
structure  variation  in  spider  silk  films  cast  from  natural  spider  silk  protein  (fresh  films), 
processed  spider  silk  protein  (FIFIP  films),  and  in  manually  pulled  spider  silk  fibers  (fibers). 
Adult  female  Nephila  clavipes  and  adult  female  Latrodectus  hesperus  ( Lh )  were  studied.  From 
their  Raman  spectra  (Fig.  2)  of  all  films  and  fibers,  the  Nc  fiber  was  found  to  have  only 
antiparallel  /^-sheets  and  random  coils.  The  fresh  films  had  more  crystalline  secondary  protein 
structures  such  as  /^-sheets  than  the  HFIP  films.  For  Latrodectus  hesperus,  the  films  comprised 
a-helices  and  random  coils,  while  the  fiber  had  /kshcct  crystals. 
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Figure  2.  Raman  spectra  of  Nephila  clavipes  samples:  (a)  HFIP  film  (blue  line),  (b)  fresh  film  (red  line)  and  (c)  silk 
fiber  (black  line).  Raman  spectra  of  Latrodectus  hesperus :  (d)  HFIP  film  (blue  line),  (e)  fresh  film  (red  line)  and  (f) 
silk  fiber  (black  line). 
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The  thermal  properties  were  measured  by  using  the  photothermal  (PT)  and  transient  electro¬ 
thermal  (TET)  techniques  and  summarized  in  Tables  1  and  2.  In  Nc  samples,  both  films  and 
fibers  had  similar  thennal  conductivities  around  0.34-0.40  W/m-K,  though  the  fibers  had  more 
antiparallel  /7-sheets  which  are  better  in  conducting  heat  than  any  other  protein  structures.  This 
means  these  antiparallel  //-sheets  were  randomly  oriented  in  the  fibers  and  had  no  contribution  to 
improve  thennal  transport.  The  thermal  conductivity  of  the  Lh  fiber  (0.9-2.55  W/m-K)  was 
significantly  higher  than  that  of  Lh  film  samples  (0.27-0.44  W/m-K).  The  highly  oriented 
antiparallel  //-sheets  and  few  defects  enhanced  the  thermal  conductivity  of  the  fiber.  Also  we 
found  that  for  the  fiber,  when  the  diameter  is  thinner,  the  thermal  conductivity  will  be  improved 
significantly.  The  conclusion  also  applied  to  the  comparison  between  the  same  types  of  silks  or 
silks  of  different  spider  species.  The  thermal  conductivity  of  the  0.5  pm  Lh  fiber  was  2.55 
W/m-K,  about  183%  higher  than  that  of  thicker  fibers.  We  speculated  that  during  the  manual 
drawing  process,  the  thinner  fiber  will  experience  significantly  stronger  surface  tension  effect, 
which  helps  significantly  to  improve  the  molecular  alignment  inside. 

Table  1.  Thenno£h^sica^ro£ertie^etenninatioi^ase^i^has^hi^^n^mplitude  (PT). 


Phase  shift  fitting 

Amplitude  fitting 

Sample  index 

d 

(pm) 

p-cp  k  p-cp  k 

(106  J/K-m3)  (W/m-K)  (106J/K-m3)  (W/m-K) 

Nephila  clavipes 

fresh  1 

18.58 

1.57 

0.365 

1.53 

0.547 

fresh2 

28.19 

1.34 

0.388 

1.48 

0.448 

HFIP1 

5.69 

1.73 

0.343 

1.39 

0.359 

HFIP2-thick 

17.34 

1.57 

0.404 

1.38 

0.610 

Latrodectus  hesperus 

fresh  1 

21.32 

1.74 

0.306 

2.08 

0.396 

fresh2 

6.53 

1.78 

0.355 

1.68 

0.397 

HFIP1 

3.39 

1.14 

0.435 

1.20 

0.668 

HFIP2 

2.24 

1.37 

0.270 

1.55 

0.264 

HFIP3 

2.06 

1.31 

0.280 

1.67 

0.270 

Table  2.  TET  experimental  data  and  calculated  results  for  fiber  samples. 


samples 

L 

(mm) 

D 

(pm) 

l2/d 

(m) 

& real+rad+gold 

(10’6m2/s) 

^ real+rad 

(10'6m2/s) 

a 

(10'6m2/s) 

k 

(W/m-K) 

Nephila  clavipes 

3m  sec.l 

1.00 

4.66 

0.214 

1.05 

0.472 

3m  sec. 2 

1.42 

4.61 

0.436 

1.21 

0.642 

0.276 

0.370 

3m  sec. 3 

1.66 

4.61 

0.596 

1.41 

0.810 

Latrodectus  hesperus 

7D  sec.l 

0.774 

0.554 

1.08 

4.49 

2.91 

1.48 

2.55 

7D  sec. 3 

1.27 

0.505 

3.18 

8.05 

5.67 

2c  sec.l 

0.915 

1.55 

0.539 

1.82 

1.05 

0.530 

0.900 

2c  sec.3 

1.85 

1.58 

2.17 

3.5 

2.63 

5k  sec.l 

0.656 

2.40 

0.178 

1.59 

0.790 

5k  sec.2 

1.07 

2.22 

0.519 

1.8 

0.990 

0.570 

0.980 

5k  sec.3 

1.64 

2.27 

1.19 

2.49 

1.72 
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(3).  Structure  and  thermal  transport  in  silks  spun  by  spiders  of  different  health  status 
The  effect  of  the  health  status  of  spiders  when  the  silks  were  produced  has  been  taken  into 
consideration  in  this  part.  The  tested  samples  were  bridge  fibers  from  a  stressed  Nephila  clavipes 
individual,  and  a  scaffold  fiber  from  a  sick  Nephila  clavipes  individual.  The  words  ‘stressed’  and 
‘sick’  described  the  health  conditions  of  the  spider  individuals  kept  in  the  laboratory.  ‘Stressed’ 
denoted  the  spider  not  given  food,  water,  or  both,  for  9  days  prior  to  silk  sample  collection.  ‘Sick’ 
meant  the  spider  died  in  the  cage,  and  afterwards  the  remaining  silks  were  collected.  Bridge  and 
scaffold  fibers  are  both  similar  to  orb-web  frame  fibers,  and  are  likely  composed  of  silk  protein 
from  major  ampullates  (MA),  but  have  different  usages  from  the  frame  fibers.  The  bridge  fibers 
consist  of  two  major  strands  and  the  diameter  of  single  strand  ranged  from  3.5  to  4.2  «m.  The 
scaffold  fiber  consisted  of  four  strands  with  an  average  diameter  of  4.93  /im  for  a  single  strand. 
Table  3  gives  the  detailed  sample  parameters  and  experimental  results. 


Table  3.  Sample  parameters  and  Experimental  results 


Fibers 

L 

(mm) 

D 

C«m) 

a 

(10"7m2/s) 

Neph5stressed_bridge_c 

0.746 

4.21 

4.26 

N  eph5  stressed_bridge_f 

4.809 

4.24 

10.2 

Neph5stressed_bridge_g 

4.903 

3.54 

15.8 

Neph5 stressed  bridge  i 

5.476 

3.87 

9.87 

Neph9sick  scaffold  a 

0.549 

4.93 

6.13 

-6  2 

An  average  thennal  diffusivity  of  1.2  x  10"  m  /s  was  determined  for  bridge  fibers  except 
‘Neph5 stressed  bridge  c’  which  was  speculated  to  be  contaminated  by  the  solvent  of  silver 
paste.  The  thennal  diffusivity  of  the  scaffold  fiber  from  the  sick  spider  is  6.1  x  10"  nr/s.  All 
results  were  much  higher  than  the  previous  test  results  for  Nc  MA  fibers,  whose  thennal 
diffusivities  were  around  2.8  x  10"  nr/s.  Up  to  this  point,  a  conclusion  could  be  drawn  that 
when  a  spider’s  health  condition  is  severely  reduced,  the  silk  it  spins  tends  to  have  a  much  higher 
thennal  diffusivity  (thennal  transport  capacity). 

Raman  characterization  was  also  canied  out  for  all  types  (scaffold,  gravity,  bridge,  and  fuzz)  and 
conditions  (healthy,  stress,  and  sick)  of  silks.  All  these  silks  exhibited  similar  Raman  spectra  as 
shown  in  Fig.  3  except  the  scaffold-sick  silk  fiber.  The  intensity  of  all  peaks  in  the  spectrum  of 
scaffold-sick  silk  fiber  was  much  higher  than  other  silks  although  a  shorter  integration  time  (2 
minutes)  was  used  for  this  spectrum  than  others  (5  minutes)  in  Fig.  3.  This  leads  to  a  very  strong 
conclusion  that  silks  spun  by  sick  spiders  have  more  //-sheet  crystals  inside,  and  this  structure  is 
also  better  aligned  along  the  axial  direction.  This  helps  explain  the  observation  that  the  silks  spun 
by  sick  spiders  had  a  higher  thermal  diffusivity  than  that  of  healthy  spiders. 
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4 


Raman  shift  (cm'1) 

Figure  3.  The  spectra  for  Ac  spider  silks  of  different  types  and  conditions. 

(4).  Effect  of  solvent-processing  on  the  thermal  conductivity  of  spider  silk 

To  answer  the  raised  speculation  above  whether  the  solvent  in  silver  paste  would  change  the 
internal  structure  of  spider  silks,  we  soaked  the  spider  silks  in  two  solvents  and  studied  the 
thermophysical  properties  after  solvent  processed.  First,  we  measured  and  compared  a  of  spider 
silks  soaked  in  ethanol  with  those  of  the  non-processed  samples  using  the  TET  technique.  No 
obvious  difference  was  observed  in  the  appearance  of  the  processed  spider  silks,  a  and  k  for  both 
the  ethanol  processed  sample  and  the  original  sample  are  summarized  in  Table  4.  Meanwhile, 
cryogenic  TET  measurements  of  these  two  types  of  silks  were  carried  out  from  290  K  to  10  K. 
No  significant  difference  existed  in  thermal  reffusivity  between  the  ethanol  processed  sample 
and  the  original  sample.  However,  considering  the  statistical  uncertainty,  we  can  conclude  that 
ethanol-processing  indeed  reduces  the  thermal  reffusivity,  which  means  the  thermal  conductivity 
is  increased.  Effect  of  acetone  on  k  of  Nc  MA  spider  silks  was  also  studied  in  the  same 
procedures,  a  and  k  of  acetone  processed  spider  silks  and  original  samples  are  shown  in  Table  4. 
The  result  told  no  difference  in  k  between  processed  samples  and  original  samples.  Based  on 
these  results,  we  could  conclude  that  the  original  structure  in  spider  silk  is  already  highly 
disorder.  Though  ethanol/acetone  can  break  some  H-bonds  inside  the  silk  protein,  the  overall 
thennal  conductivity  would  not  observably  decrease. 


Table  4.  Thermal  properties  of  ethanol  processed  spider  silks  compared  with  original  samples 


Thermal  properties 

Original  samples 

Ethanol  processed 
samples* 

Acetone-processed 

samples** 

Ac-4x 

Ac-44 

Ac-41 

Ac-4a 

Ac-40 

Ac-41 

Ac-25 

Ac-26 

Ac-28 

Thermal  diffusivity 
(xl0‘7  m2/s) 

4.80 

6.71 

5.44 

6.00 

5.18 

5.34 

5.62 

4.78 

5.06 

Thermal  conductivity 
(W/m-K) 

0.86 

1.20 

0.95 

1.20 

1.04 

1.12 

1.06 

0.91 

0.96 

*Ac- 4a,  Ac-40  and  Ac-41  are  immersed  in  ethanol  for  over  12  hours,  followed  by  a  1-hour  air  drying. 
**Ac-25,  Ac-26  and  Ac-28  are  processed  with  a  2-hour  total  immersion  in  acetone  and  1  hour  air  drying 
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(5).  Thermal  transport  in  Loxosceles  laeta  silk  and  effect  of  spinning  speed  on  a 
The  thermal  diffusivity  of  another  type  of  spider  (. Loxosceles  laeta,  LI)  silk  was  studied  in  this 
section.  This  was  the  first  time  study  of  the  thermal  transport  in  this  very  special  type  of  spider 
silk.  LI  MA  silks  have  a  ribbon-like  shape  with  a  very  thin  thickness,  which  is  very  different 
from  that  of  orb-weaver  spiders:  Nephila  clavipes  and  Latrodectus  hesperus.  An  LI  silk  with  an 
average  width  of  5.80  pm,  a  length  of  0.831  mm  and  a  thickness  of  84.6  mn  was  used  for  the 
TET  characterization.  The  real  thermal  diffusivity  of  this  LI  silk  was  1.97  x  10'6  m2/s.  This  value 
was  much  higher  than  the  a  of  Nc  silks  (MA  fiber,  around  2.6  x  10'  m  /s).  The  extrusion  and 
solidification  of  the  LI  silk  fiber  during  spinning  play  important  roles  in  determining  the  internal 
structures  of  the  silk  fiber,  for  it  has  a  large  surface/volume  ratio.  Strong  surface  tension  force 
and  shear  stress  during  spinning  could  help  a  great  deal  to  align  protein  crystals  in  the  silk, 
thereby  leading  to  significantly  improved  thermal  transport  capacity. 

We  then  measured  the  thermal  diffusivity  of  the  spider  silks  spun  at  high  and  low  rates, 
respectively,  and  tried  to  find  whether  the  spinning  rate  affected  the  thermal  diffusivity  of  spider 
silks.  Nc  MA  silks  spun  at  the  rates  of  4.28  cm/s  (slow)  and  30.81  cm/s  (fast),  and  LI  MA  silks 
spun  at  9.78  cm/s  (slow)  and  24.67  cm/s  (fast)  were  measured.  Raman  spectra  of  Nc  MA  silks 
are  shown  in  Fig.  4(a).  Figure  4(b)  shows  Raman  spectra  of  LI  MA  silks.  No  significant 
difference  was  found  in  these  spectra  and  their  internal  crystalline  structures. 


Figure  4.  Raman  spectra  of  Nephila  clavipes  (a)  and  Loxosceles  laeta  (b)  major  ampullate  silks  spun  at 
different  rates. 
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Their  thermal  diffusivity  ranged  from  3.44  to  4.83  x  10'  mVs  for  Ac  samples  and  3.51  to  4.48  x 
10'  m  / s  for  LI  samples  in  the  TET  measurement.  We  concluded  that  the  spinning  rate  of  silk 
collecting  has  (negligible)  little  effect  on  the  thermal  diffusivity  for  both  Ac  and  LI  spider  silks. 
This  conclusion  conditionally  applied  to  the  spinning  rate  we  studied  here:  4.28-30.81  cm/s.  In 
this  spinning  rate  range,  the  diameter  of  silks  showed  very  little  variation  from  sample  to  sample. 
This  confirmed  that  the  spinning  rate  did  not  change  the  morphology  so  much.  So  it  is  physically 
reasonable  that  the  thermal  diffusivity  varies  little  among  the  samples.  Our  speculation  is  that  the 
structure,  morphology,  and  thermal  diffusivity  of  spider  silks  would  show  obvious  change  when 
the  spinning  rate  is  varied  more,  e.g.  much  faster  than  30.81  cm/s. 
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(6).  Protein  //-sheet  crystal  size:  first  time  quantitative  experimental  evidence 
A  scaffold  fiber  from  a  sick  Nephila  clavipes  individual  was  measured  in  a  cryogenic  system 
from  room  temperature  down  to  ~50  K  using  the  TET  technique.  The  temperature  was  precisely 
monitored  by  a  temperature  controller.  Figure  5(a)  shows  the  variation  of  thermal  diffusivity 
with  temperature  for  the  scaffold  fiber:  The  thermal  diffusivity  increases  with  decreasing 
temperature.  This  was  due  to  the  decrease  of  phonon-phonon  scatterings.  As  temperature 
dropped,  short  wavelength  phonons  were  frozen  and  only  long  wave  phonons  were  excited.  The 
reduced  number  of  phonons  resulted  in  less  scatterings.  This  contributed  to  the  increase  of 
phonon  mean  free  path,  relaxation  time  and  subsequently  thermal  diffusivity. 


Figure  5.  Variation  of  thermal  diffusivity  (a)  and  the  thermal  reffusivity  (b)  with  temperature  for  the 
scaffold  fiber  from  a  sick  Nephila  clavipes  individual. 

Using  the  single  relaxation  time  approximation,  we  introduced  the  inverse  of  phonon  thermal 
diffusivity  as  a  new  parameter:  thermal  reffusivity  (0).  This  parameter  was  used  to  identify  the 
thermal  resistivity  in  the  fiber  that  was  raised  by  fiber  structure  imperfections  and  by  phonon- 
phonon  scatterings.  Figure  5(b)  shows  the  variation  of  thermal  reffusivity  with  temperature  for 
the  scaffold  fiber.  It  is  clearly  seen  that  cT1  increases  almost  linearly  with  increasing  temperature 
within  the  temperature  range  we  use.  This  is  due  to  the  fact  that  phonon  density  increases  almost 
linearly  with  temperature  when  the  temperature  is  not  very  low.  The  residual  part  a0 is  about 
1.05x10  s/m  .  Using  an  average  phonon  velocity  of  630  m/s  for  spider  silks,  we  had  the 
relaxation  time  t0  =  7.2  x  1 0  l2s  and  the  characteristic  size  of  the  mean  free  path  of  phonons  was 
4.5  nm.  It  was  intrinsically  the  //-sheet  crystal  size  in  the  silk. 

(7).  Crystalline  structure  of  spider  silk  uncovered  by  X-ray  diffraction 

The  crystalline  structures  of  three  bundles  of  spider  silks  were  characterized  by  XRD.  The  XRD 
spectra  are  shown  in  Fig.  6.  A  weak  peak  is  observed  when  29  (0:  the  incident  angle)  is  20.3°  in 
Fig.  6(a).  The  corresponding  crystallite  size  is  calculated  to  be  36  A.  The  XRD  spectrum  for 
sample  Lh- 1  in  Fig.  6(c)  demonstrates  no  peak.  From  Figs.  6(a),  (b)  and  (c),  it  can  be  concluded 
that  the  crystalline  regions  (or  at  least  visible  ones)  only  exist  in  some  spider  silks.  The  crystallite 
size  of  Ac-1  is  consistent  with  the  mean  free  path  of  defect-phonon  scattering  of  Ac-4.  In  Fig. 
6(b),  although  the  spectrum  is  also  for  the  Ac  MA  silk,  the  peak  is  very  weak,  barely 
distinguishable  around  20.3°.  Note  samples  Ac-4  and  Ac-1  are  not  from  the  same  batch  of 
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collection.  So  it  is  true  that  silks  from  different  spiders,  even  the  same  species,  could  vary  a  lot  in 
crystalline  structure. 


The  a  of  the  Nc-4  MA  silks  was  measured  using  our  TET  technique  from  room  temperature 
down  to  almost  10  K.  The  thermal  reffusivity  is  detennined  to  be  1.55x106  s/m2.  The 
relationship  between  the  residual  thermal  reffusivity,  mean  free  path  of  defect-induced  phonon 
scattering  (/0)  and  phonon  velocity  (v)  could  be  depicted  as  0o=3/(v/o).  When  the  average  phonon 
velocity  of  spider  silk  was  estimated  as  630  m/s,  the  mean  free  path  due  to  defect-phonon 
scattering  was  correspondingly  calculated  to  be  3.07  nm.  This  value  is  consistent  with  the 
crystallite  size  (36  A)  obtained  through  XRD.  In  some  spider  silks,  even  though  there  were  [>- 
sheet  crystals  in  it,  XRD  could  not  detect  them  when  the  /?-sheet  crystals  had  relatively  bad 
alignment.  However,  the  defect-phonon  scattering  mean  free  path  could  be  evaluated  through  the 
method  of  thermal  reffusivity,  which  can  directly  show  the  crystallite  size  of  /1-sheet  crystals  in 
spider  silks. 

(8).  Thermal  transport  in  male  Nephila  clavipes  fibers:  evidence  of  structural  effect 
We  also  measured  the  thermal  diffusivity  of  the  spider  silks  from  male  Nephila  clavipes  (MAT) 
and  tried  to  find  out  whether  the  structure  had  effect  on  the  thermal  diffusivity  of  spider  silks. 
This  was  the  first  time  study  of  thermal  transport  in  MNc  fibers.  Sample  MAT_2a  and  MA'c_3b 
were  involved  in  the  study.  MA'c_2a  was  composited  of  a  single  filament.  It  had  a  length  of  1.14 
mm  and  a  width  of  1.07  pm  and  its  measured  «reai  was  5.78x10'  m  Is.  MZVc_3b,  however,  was  a 
twist  bundle  of  six  filaments  and  had  a  rougher  surface  than  MAT_2a.  It  had  a  total  width  of  3.41 
pm  and  a  length  of  1.18  mm.  Its  detennined  area i  (=4.57x10‘  m  /s)  was  lower  than  MAT_2a.  The 
structure  difference  would  affect  the  fiber’s  overall  thermal  diffusivity  even  for  the  fiber  from  the 
same  spider,  for  the  reason  that  a  rough  structure  changes  the  phonon  scattering  a  lot,  giving  low 
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thermal  transport  capacity. 


(9).  Thermal  transport  in  silkworm  silks:  comparison  study 

A  systematic  work  was  conducted  to  study  the  thermal  transport  in  silkworm  silks  and  how  the 
heat  treatment  could  affect  the  thermal  diffusivity/conductivity.  This  study  was  intended  to 
provide  an  excellent  comparison  to  understand  how  the  protein  structure  determines  the  thermal 
transport  capacity.  Three  types  of  fibroin  degummed  mild  (type  1),  moderate  (type  2),  to  strong 
(type  3)  were  investigated.  The  thermal  diffusivity  in  the  axial  direction  increased  against 
temperature  used  in  heat  treatment  for  the  three  types  of  samples  [Fig.  7(a)].  After  heat  treatment 
(from  about  140  °C  to  about  220  °C),  the  thermal  diffusivity  of  silk  fibroin  type  1,  2  and  3, 
increased  as  high  as  37.9%,  20.9%  and  21.5%,  respectively.  No  obvious  difference  in 
morphology  was  observed  in  the  measured  location  on  the  fibers  before  and  after  heat  treatment. 
The  Raman  spectrum  comparison  [Fig.  7(b)]  indicates  structural  transformation  from  amorphous 
to  crystalline.  Due  to  the  close  packing  of  the  more  adjacent  laterally  ordered  regions,  the 
number  and  size  of  the  crystalline  regions  of  Bombyx  mori  silk  fibroin  increased  by  heat 
treatment.  As  a  result,  the  thermal  diffusivity  of  the  samples  was  significantly  improved. 
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Figure  7.  (a)  Thermal  diffusivity  of  silkworm  silk  after  heat  treatment  at  different  temperatures,  (b) 
Raman  spectrum  comparison  of  the  silkworm  silk  treated  at  105  and  147  °C. 


(10).  Crystallite  size  in  silkworm  silk  and  its  Debye  temperature 

For  comparison  with  spider  silk,  we  also  studied  the  crystallite  size  in  silkworm  silk  using  XRD 
and  the  thermal  reffusivity  (0)  theory.  Figure  8  shows  the  trend  of  0  of  silkworm  silk  varying 
with  temperature  from  RT  to  50  K:  0  decreases  with  decreasing  temperature.  Through  fitting  the 
curve  with  0  =  0O  +  Bxe~e/2T ,  we  had  the  0o  determined  as  1.63><106  s/m2  and  6  as  696.5  K.  0O 

reflects  the  defect-induced  phonon  scattering  level  in  the  samples,  and  9  is  the  Debye 
temperature.  When  the  average  phonon  velocity  takes  630  m/s,  the  corresponding  mean  free  path 
of  defect-phonon  scattering  (/o)  was  2.92  nm.  The  XRD  spectrum  for  silkworm  silk  [Fig.  6(d)] 
shows  a  clear  peak  at  29  of  20.67°.  The  corresponding  crystallite  size  was  calculated  to  be  30  A. 
It  was  consistent  with  the  mean  free  path  of  defect-induced  phonon  scattering  detennined  from 
the  thermal  reffusivity.  It  was  also  interesting  to  see  the  XRD  peak  location  of  silkworm  silk 
(20.67°)  is  very  close  to  that  of  spider  silk  (20.3°).  This  concluded  that  the  /1-sheet  crystals  in 
silkworm  silk  and  spider  silk  share  the  similar  lattice  spacing. 
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Figure  8.  Thermal  reffusivity  of 
silkworm  silk  against  temperature.  The 
residual  thermal  reffusivity  and  Debye 
temperature  are  fitted  to  be  1.63xl06 
s/m2  and  696.5  K.  When  the  average 
phonon  velocity  is  estimated  as  630 
m/s,  the  mean  free  path  of  defect- 
phonon  scattering  is  determined  to  be 
2.92  nm.  This  value  is  very  close  to 
the  crystallite  size  uncovered  by  XRD. 


(11).  Reduced  thermal/electrical  conductivity  in  ultra-thin  metallic  films  on  spider  silks 
In  the  TET  experiments  to  characterize  the  thermal  diffusivity  and  conductivity  of  spider  silks 
and  such  biomaterial  or  polymer  fibers,  a  metallic  film  (tens  of  nm)  was  usually  coated  on  the 
sample  to  facilitate  the  measurement.  Precise  knowledge  about  the  thermal  conductivity  of  this 
thin  metallic  film  (Ir,  used  in  our  lab)  was  critical  to  evaluate  the  effect  of  the  metallic  coating  on 
the  final  measurement  results.  The  part  of  the  work  was  critical  to  the  overall  project.  The 
thennal  and  electrical  conductivities  ( k  and  o )  of  Ir  films  with  an  average  thickness  from  7  nm 
down  to  0.6  nm  were  found  reduced  by  more  than  59%  and  82%  compared  to  bulk  Ir.  The  much 
stronger  reduction  in  cr  significantly  increased  the  Lorenz  number  to  around  6~8X  1 0"  WQTC 
or  larger,  about  twofold  increase  from  the  bulk  value.  This  result  has  been  using  in  all  our  later 
studies. 


(12).  New  technique  development  for  3D  anisotropic  thermal  transport  characterization 
This  work  was  our  first  try  to  characterize  the  anisotropic  thermal  transport  in  polymers,  such  as 
silks.  A  new  pulsed  laser-assisted  thermal  relaxation  (PLTR2)  technique  has  been  developed  and 
was  capable  of  studying  both  in-plane  and  out-of-plane  thermal  transport.  Instead  of  using  silks, 
we  used  P3HT  films  what  are  abundant  for  research.  This  material  presented  an  anisotropic 
thermal  conductivity  with  an  anisotropy  factor  of  about  2  to  4.  This  work  provided  the  great 
foundation  for  future  research  to  study  the  anisotropic  thermal  transport  in  silk  fibers  and  silk 
films.  Also  in  this  work,  we  have  assessed  the  feasibility  of  using  polarized  Raman  to 
characterize  the  anisotropic  structure  (molecular  alignment),  and  have  achieved  success. 
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